A multiple-grid-particle-in-cell numerical method has been developed. This method uses grids of different cell sizes and details are needed in only one part of the simulation region and not others. Hence, there are fewer nodes in the simulation thereby reduced computational time without sacrificing details. In the multiple-grid system, a phenomenon is identified to arise at the interface between two grids and a half-cell weighting method is utilized to solve the weighting issue at the boundary. It is shown that the expression of the change of momentum has no weighting function. This method is employed to numerically simulate the plasma immersion ion implantation process into a nickel titanium rod measuring 50 mm long and 4.8 mm in diameter used in orthopaedic surgery. To conduct more uniform implantation, the NiTi rod is elevated on the sample stage by a metal rod. The nitrogen implantation fluences and depth profiles are simulated and compared to experimental values determined by x-ray photoelectron spectroscopy.
I. INTRODUCTION
Particle in cell ͑PIC͒ was developed in the 1980s by Birdsall and Langdon 1 and Hockney and Eastwood. 2 It was quickly adopted as a useful tool to simulate electrical plasma in the 1990s by Liberman, and Allan 3 and Tajima. 4 A hybrid method making use of PIC ions and Boltzmann electron density distribution has been applied to simulate plasma immersion ion implantation ͑PIII͒ process. [5] [6] [7] PIII is a non-line-ofsight process that has found a myriad of applications in semiconductor processing, thin film deposition, and surface modification of various types of materials. [8] [9] [10] PIC simulation involves weighting particles in a uniform grid of nodes, calculating the electromagnetic fields at these nodes, and interpolating the forces on the particles.
1,2 The location of the particles is updated according to Newton's laws of motion. However, when there is a need for higher spatial resolution, the cell size is inevitably reduced. Unfortunately, this necessitates increased computational power and cost. This drawback can be overcome by using two or more grids of differing cell sizes. 11, 12 As depicted in Fig. 1 , fewer nodes can be used in a region where details are not needed, thereby reducing computational time without sacrificing details. This multiple-grid approach can be envisaged as an alternative to the finite element method. However, particlemesh accumulation becomes nontrivial at the interface nodes between two grids and a half-cell weighting method has been developed to solve the weighting problems at the boundary. It has further been shown that the expression for the change of momentum has no weighting function. 11, 12 NiTi shape memory alloys ͑SMAs͒ have many applications. [13] [14] [15] The combination of good biocompatibility, good strength, and ductility with specific functional properties such as the shape memory effect ͑SME͒ and superelasticity ͑SE͒ creates a unique biomedical material. The SME is based on the temperature-induced transformation while SE stems from stress-induced transformation. 16 Particularly, the SE of NiTi SMAs results in a unique combination of high strength, high stiffness, and high pliability that very few other materials possess. In the biomedical industry, NiTi SMAs are currently used in orthodontic arch wires, dental root implants, stents, orthopedic implants, and other medical instruments/tools. [13] [14] [15] [16] [17] [18] The biocompatibility of a metallic implant is related to its resistance to electrochemical processes. 19 In the case of NiTi, metallic ions such as nickel leached into tissues and body fluids may promote toxic, allergic, and potentially carcinogenic effects such as dermatitis. 19 7, 9, 12, 20 and used to improve the surface mechanical and biological properties of dense NiTi SMAs. 21, 22 However, the heat produced during PIII can affect the transformation behavior and mechanical properties such as superelasticity of the alloy. In this work, we use the multiplegrid PIC method to numerically simulate nitrogen PIII ͑−40 kV͒ into a NiTi rod 50 mm long and 4.8 mm in diameter. With a 5 ϫ 10 8 cm −3 plasma density, the ion sheath can be as large as 40 cm. Uniform implantation is thus a challenge for a tiny rod and a large ion sheath. To achieve better uniformity, the NiTi rod is elevated from the sample stage by means of a metal rod. It is also a challenge to numerically simulate a system that needs resolution in millimeter sizes and covers a large region of tens of centimeters. The multiple-grid PIC method with different cell resolutions is thus adopted here and the half-cell weighting method is succinctly described. The simulated average impact angle, average impact energy, and implant fluences are discussed. Experimental depth profiles acquired by x-ray photoelectron spectroscopy ͑XPS͒ from the top, middle, and bottom parts of the N-PIII NiTi rod are presented and the calculated depth profiles from TRIM95 are compared to the XPS profiles.
II. EXPERIMENTAL DETAILS AND RESULTS
Cylindrical NiTi bars 4.8 mm in diameter with a Ni atomic concentration of 50.8% ͑SE508, Nitinol Device Company, Fremont, USA͒ were machined into segments 50 mm in length. In nitrogen PIII, the implantation frequency was 100 Hz while the pulse width was 30 s with a 1 s linear rise time. The sample bias voltage was −40 kV. The total treatment time was 4 h giving a total of 4 ϫ 60ϫ 60ϫ 100 = 1 440 000 pulses. The PIII system in City University of Hong Kong is shown in Fig. 2 . The vacuum chamber is about 0.78 m in diameter and 1 m tall. The working pressure was about 5.0ϫ 10 −4 Torr. A rf power ͑13.56 MHz͒ of 1000 W was input into the chamber through the antenna to generate the nitrogen plasma. In order to perform more uniform implantation into the entire surface, the NiTi rod was placed vertically on top of a metal supporting rod 13 mm in diameter and 280 mm in length, as shown in Fig. 2 . The supporting rod was placed vertically on top of a cylindrical sample stage with a diameter of 152 mm and thickness of 52 mm. After PIII, the NiTi rod was cut into three equal pieces for XPS analysis. Only a small length of 8 mm from each piece was used in the analysis. The size of the sample was further reduced to 3 mm wide ͑smooth surface͒. In the XPS analysis, a 0.8 mm diameter area was sputtered and analyzed. High-resolution XPS ͑Physical electronics PHI 5802, Minnesota, USA͒ with Al K␣ radiation ͑14 kV, 350 W͒ was used to determine the chemical composition of the N-PIII sample surface. The takeoff angle was 45°and base vacuum was 2 ϫ 10 −8 Pa. The XPS data were obtained from a region ͑measured from the end of the NiTi rod͒ between 8 and 9 mm ͑bottom͒, 25.0 and 26.0 mm ͑middle͒, and 42.0 and 43.0 mm ͑top͒. Survey scans spanning a binding energy range of 0 -1200 eV with pass energies of 187.85 and 0.8 eV/step were first acquired to identify the elemental species. High-resolution scans were subsequently obtained with pass energies of 11.75 and 0.1 eV/step.
The nitrogen depth profiles of the three samples are displayed in Fig. 3 . The raw XPS data are plot of atomic concentrations ͑unit of percentage͒ of different elements against sputtering time ͑unit of minutes͒. The raw XPS data will be converted to a plot of atomic concentration ͑unit of cm −3 ͒ against depth ͑unit of angstroms͒ by multiplying the Y data by an atomic concentration of the sample and multiplying the X data by sputtering rate. The depth profiles are calibrated by an atomic concentration of 7. nitrogen depth profile on the top part is also shallower than those in the middle and bottom regions.
III. NUMERICAL SIMULATION
The schematic of the simulation region is illustrated in Fig. 5 . A two-dimensional cylindrical coordinate system in the r-z plane is adopted because the system including the The plasma density is assumed to be 5 ϫ 10 8 cm −3 with a N 2 + to N + ratio of 75 to 25. The simulation includes N + ions because N + ions can penetrate more deeply into the sample. Upon impact, the maximum 40 keV energy possessed by a N 2 + ion will be equally shared by two N atoms ͑20 keV each͒ and, therefore, it is possible that in nitrogen PIII, the depth profile can show two peaks at different depths. 10ϫ 10= 100 PIC particles are initially inserted into the smallest 2.5ϫ 2.5 mm 2 cell for each species giving a total of 200 PIC particles. The PIC particle density is kept constant in the three regions by inserting 20ϫ 20= 400 PIC particles in region 2 and 40ϫ 40= 1600 PIC particles in region 3 for each species. When the simulation begins, there are a total of 11 589 600 PIC particles. The time step is 3.38ϫ 10 −10 s such that a N + ion cannot traverse a distance more than one-tenth of the smallest cell at the full energy of 40 keV. The electrons are assumed to be in thermal equilibrium at a temperature of 2.5 eV. The spatial electron density obeys the Boltzmann distribution. 3 The bulk electron density is set at 5 ϫ 10 8 cm −3 and with a negative bias voltage of −40 kV and the plasma potential is set to zero. 5, 23 The spatial potential inside the chamber is solved by Poisson's equation with Boltzmann's electron density distribution
ͪͬ.
͑1͒
The potential is calculated by the finite difference method via successive over relaxation. 5, 23 The nonlinear Boltzmann term can be expanded and iterated by the method developed by Emmert and Henry. 23 The accumulated fluences along the length of the NiTi rod are recorded during the 31 s simulation, i.e., 1 s linear rise time and 30 s plateau period. The average impact angle and impact energy are also recorded. The potential and ion density ͑positive space charges͒ contours at 31 s are plotted in Fig. 6 , which shows that the ion sheath nearly touches the chamber wall. The potential and density contours display a smooth transition between the grid boundaries and it can be concluded that the application of multiple-grid system is a success. The accumulated fluences, average impact angle, and average impact energy along the NiTi rod are displayed in Fig. 7 . Every N 2 + ion contributes two nitrogen atoms. Figure 7͑a͒ shows that the implant fluence is smaller at the top of the rod and gradually increases toward the bottom. The uneven fluence distribution is caused by the nonconformal ion sheath development. As shown in Fig. 6, at between rod lengths of 20 and 35 mm is probably due to the reduced PIC particle density in the ion sheath. When calculating the depth profiles, average values between 22.5, 25, and 27.5 mm are used. The ions ͑N + and N 2 + ͒ are not implanted into the NiTi surfaces at normal angles, as revealed in Fig. 7͑b͒ . At the bottom, the ions are implanted at 20°off normal and the angle gradually increases to over 40°near the top edge. The data at the edge of the top and bottom corners are not accurate because these edges are represented by a singular point. 12 The ions are implanted at an average energy of 40 keV except at the top and bottom edges. These two data points are not accurate as discussed before. 12 The depth profiles are calculated by two Gaussian implantation distribution functions. 5, 24 According to the transport theory in TRIM95, 25 nitrogen atoms have a projected range of 49.1 nm with a longitudinal straggling of 29.4 nm at 40 keV incident energy. However, the 40 keV energy of a N 2 + ion is shared by two nitrogen atoms upon impact and the depth profiles are thus shallower. At 20 keV impact energy, the projected range is 25.2 nm with a longitudinal straggling of 17.7 nm. The effective projected range and longitudinal straggling can be estimated by multiplying the normal effective projected range and longitudinal straggling with the cosine of the implanted angle assuming that the projected range and straggling do not change. The depth profile can be written as
where, N i ͑x͒, d i , R p , ⌬R p are the concentration, fluence, effective project range, and effective longitudinal straggling, respectively, for each impact energy. 25 The depth profiles ͑20 and 40 keV͒ at the top, middle, and bottom positions are displayed in Fig. 8͑a͒ . The second peaks at 90 nm are not observed. The main peaks ͑features͒ at 20 nm are reproduced by the numerical simulation when compared to Fig. 3 . The depth profile from the deeper N + ions is deconvoluted in Fig.  8͑b͒ , showing that the depth profile of the N + ions are both too shallow and too little ͑even though 25% of the plasma density is N + ͒ to be responsible for the second peaks at 90 nm.
IV. DISCUSSION
The numerical simulation confirms that the accumulated implant fluence at the top of the NiTi rod is less than those at the middle and bottom. The simulation also shows that the average impact angle is not normal to the rod surface. At the top region, ions are implanted at a glancing angle up to 40°. The impact angle diminishes to 20°in the middle and bottom regions. Therefore, the depth profiles are shallower at the top part of the rod. These results are consistent with the XPS data when comparing the main nitrogen peaks at 20 nm. However, the simulation cannot explain the formation of the second deeper nitrogen peaks at around 90 nm. The projected range estimated from Transport theory in TRIM95 for N + ions is only 49.1 nm. The high concentration of 25% N + ions in the plasma is also insufficient to generate a distinguished peak. The simulated nitrogen concentration is on the order of 10 23 cm −3 that is higher than the estimated NiTi concentration of 7.523ϫ 10 22 cm −3 from TRIM95 ͑50% Ni and 50% Ti͒. It is thus believed that the plasma density of 5 ϫ 10 8 cm −3 is too high. A lower plasma density will result in a bigger nonconformal ion sheath. Therefore, the ion distribution along the NiTi rod will be even more nonuniform and ions will be implanted at larger glancing angles. A lower plasma density still does not give rise to the peak at about 90 nm. The origin of the second nitrogen peaks is still unknown as they are only observed in the middle and bottom parts. Usually, diffusion due to annealing tends to destroy these fine features but at a pulsing frequency of 100 Hz, it is unlikely that substantial diffusion has taken place. Further experiments and simulations are being done to study this phenomenon.
V. CONCLUSION
The multiple-grid PIC method with three cell sizes of 2.5ϫ 2.5, 5.0ϫ 5.0, and 10.0ϫ 10.0 mm 2 is employed to simulate nitrogen plasma immersion ion implantation into a NiTi rod 50 mm in length placed on a supporting metal rod 280 mm in length for 4 h at a pulsing frequency of 100 Hz and sample bias voltage of −40 kV. The depth profiles at the top, middle, and bottom regions of the rod are experimentally determined by XPS. The XPS data confirm the simulation results that the implant fluences are less at the top of the NiTi rod. The main nitrogen peaks at 20 nm are reproduced by simulation. The depth profiles are shallower at the top part of the NiTi rod because the ions are implanted at more glancing angles due to the nonconformal ion sheath propagation to the open volume of the chamber. The second nitrogen peaks between 80 and 90 nm cannot be explained by introducing N + ions in the plasma and further investigation is needed to fathom its origin. 
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